OPTIC 

Volume II 
Devices, Measurements, 
and Properties 



Second Edition 

Sponsored by the 
OPTUCAL SOCETY OF AfiVJERDCA 



Michael Bass Editor in chief 

The Center for Research and 
Education in Optics and Lasers (CREOL) 
University of Central Florida 
Orlando, Florida 

Eric W. Van Stryland Associate Editor 

The Center for Research and 
Education in Optics and Lasers (CREOL) 
University of Central Florida 
Orlando, Florida 

David R. Williams Associate Editor 

Center for Visual Science 
University of Rochester 
Rochester, New York 

William L. Wolfe Associate Editor 

Optical Sciences Center 
University of Arizona 
Tucson, Arizona 

McGRAW-HILL, INC. 

New York San Francisco Washington, D.C. Auckland Bogota 
Caracas Lisbon London Madrid Mexico City Milan 
Montreal New Delhi San Juan Singapore 
Sydney Tokyo Toronto 




Library of Congress Cataloging-in-Publication Data 



Handbook of optics / sponsored by the Optical Society of America ; 
Michael Bass, editor in chief. — 2nd ed. 
p. cm. 

Includes bibliographical references and index. 

Contents: — 2. Devices, measurement, and properties. 

ISBN 0-07-047974-7 

1. Optics— Handbooks, manuals, etc. 2. Optical instruments- 
Handbooks, manuals, etc. I. Bass, Michael. II. Optical Society 
of America. 
QC369.H35 1995 

535— dc20 94-19339 

CIP 



Copyright © 1995, 1978 by McGraw-Hill, Inc. All rights reserved. Printed 
in the United States of America. Except as permitted under the United 
States Copyright Act of 1976, no part of this publication may be 
reproduced or distributed in any form or by any means, or stored in a data 
base or retrieval system, without the prior written permission of the 
publisher. 

123456789 DOC/DOC 90987654 



ISBN 0-07-047974-7 



The sponsoring editor for this book was Stephen S. Chapman, the editing 
supervisor was Paul R. Sobel, and the production supervisor was Suzanne 
W. Babeuf. It was set in Times Roman by The Universities Press (Belfast) 
Ltd. 

Printed and bound by R.R. Donnelly & Sons Company. 
This book is printed on acid-free paper. 



Information contained in this work has been obtained by 
McGraw-Hill, Inc. from sources believed to be reliable. How- 
ever, neither McGraw-Hill nor its authors guarantees the 
accuracy or completeness of any information published herein 
and neither McGraw-Hill nor its authors shall be responsible for 
any errors, omissions, or damages arising out of use of this 
information. This work is published with the understanding that 
McGraw-Hill and its authors are supplying information but are 
not attempting to render engineering or other professional 
services. If such services are required, the assistance of an 
appropriate professional should be sought. 



COWTEWT: 




Contributors xvi 
Preface xix 

Glossary and Fundamental Constants xxi 



Part 1. Optical Elements 



1.1 



Chapter 1. Lenses R Barry Johnson 



1.3 



1.1. Glossary / 7.5 

1.2. Introduction / 7.5 

1.3. Basics / 7.5 

1.4. Stops and Pupils / 1.8 

1.5. F-Number and Numerical Aperture / 7.9 

1.6. Magnifier or Eye Loupe / 7.9 

1.7. Compound Microscopes / 7.9 

1.8. Field and Relay Lenses / 7.70 

1.9. Aplanatic Surfaces and Immersion Lenses / 1.10 

1.10. Single Element Lens / 7.77 

1.11. Landscape Lenses and the Influence of Stop Position / 7.77 

1.12. Two-Lens Systems / 7./9 

1.13. Achromatic Doublets / 1.23 

1.14. Triplet Lenses / 7.26 

1.15. SymmetricalLenses / 1.27 

1.16. Double-Gauss Lenses / 1.28 

1.17. Petzval Lenses / 1.29 

1.18. Telephoto Lenses / 7.29 

1.19. Inverted or Reverse Telephoto Lenses / 1.30 

1.20. Performance of Representative Lenses 1.30 

1.21. Rapid Estimation of Lens Performance / 1.36 

1.22. Bibliography / 1.41 



Chapter 2. Afocal Systems William B. Wetherell 2.1 



2.1. Glossary / 2.7 

2.2. Introduction / 2.7 

2.3. Gaussian Analysis of Afocal Lenses / 2.2 

2.4. Keplerian Afocal Lenses / 2.7 

2.5. Galilean and Inverse Galilean Afocal Lenses / 2.14 

2.6. Relay Trains and Periscopes / 2.76 

2.7. Reflecting and Catadioptric Afocal Lenses / 2.79 

2.8. References I 2.22 



v 



vi CONTENTS 



Chapter 3. Polarizers Jean M . Bennett 3^1 

3.1. Glossary / 3.1 

3.2. Prism Polarizers / 3.2 

3.3. Glan-Type Prisms / 3.9 

3.4. Nicol-Type Prism / 3.17 

3.5. Polarizing Beam-Splitter Prisms / 3.19 

3.6. Dichroic and Diffraction-Type Polarizers / 3.26 

3.7. Non-Normal-Incidence Reflection and Transmission Polarizers / 3.36 

3.8. Retardation Plates / 3.46 

3.9. Variable Retardation Plates and Compensators / 3.57 

3.10. Half-Shade Devices / 3.60 

3.11. Minature Polarization Devices / 3.61 

3.12. References / 3.62 



Chapter 4. N ondispersiye Prisms William L Wolfe 

4.1. Glossary / 4.1 

4.2. Introduction / 4.1 

4.3. Inversion, Reversion / 4.2 

4.4. Deviation, Displacement / 4.2 

4.5. Summary of Prism Properties / 4.3 

4.6. Prism Descriptions / 4.3 

4.7. References / 4.29 



Chapter 5. Dispersive Prisms an d Gratings George J. Zissis ^1 

5.1. Glossary / 5.1 

5.2. Introduction / 5.7 

5.3. Prisms / 5.1 

5.4. Gratings / 5.3 m 

5.5. Prism and Grating Configurations and Instruments / 5.4 

5.6. References / 5.75 



Chapter 6. Integrated Optics Thomas L. Koch, Frederick, J. Leonberger, and 
Paul G Suchoski 



6.1. Glossary / 6.1 

6.2. Introduction / 6.2 

6.3. Device Physics / 6.3 

6.4. Integrated Optics Materials and Fabrication Technology / 6.72 

6.5. Circuit Elements / 6.20 

6.6. Applications of Integrated Optics / 6.28 

6.7. Future Trends / 6.37 

6.8. References / 6.38 



Chapter 7. Miniature and Micro-Optics Tom D. Milster 

7.1. Glossary / 7.7 

7.2. Introduction / 7.2 

7.3. Uses of Micro-Optics / 7.2 

7.4. Micro-Optics Design Considerations / 7.2 

7.5. Molded Microlenses / 7.4 



CONTENTS vii 



7.6. Monolithic Lenslet Modules / 7.72 

7.7. Distributed-lndex Planer Microlenses / 7.13 

7.8. Smile Microlenses / 7.76 

7.9. Micro-Fresnel Lenses / 7. 18 

7.10. Other Technologies / 7.27 

7.11. References / 7.31 



Chapter 8 . Binary Optics Michael W. farn and Wilfrid B. Veldkamp ^1 

8.1. Glossary / 8.1 

8.2. Introduction / 8.2 

8.3. Design — Geometrical Optics / 8.2 

8.4. Design — Scalar Diffraction Theory / 8.10 

8.5. Design— Vector Diffraction Theory / 8.14 

8.6. Fabrication / 8.14 

8.7. References / 8.18 



Chapter 9. Gradient Index Optics Duncan T. Moore 9^1 

9.1. Glossary / 9.1 

9.2. Introduction / 9.1 

9.3. Analytic Solutions / 9.2 

9.4. Mathematical Representation / 9.2 

9.5. Axial Gradient Lenses / 9.2 

9.6. Radial Gradients / 9.5 

9.7. Radial Gradients with Curved Surfaces / 9.7 

9.8. Shallow Radial Gradients / 9.7 

9.9. Materials / 98 

9.10. References / 9.9 



Chapter 10. Optical Fibers and Fiber-Optic Communications Tom G. Brown 10.1 



10.1. Glossary / 10.1 

10.2. Introduction / 10.3 

10.3. Principles of Operation / 10.4 

10.4. Fiber Dispersion and Attenuation / 10.8 

10.5. Polarization Characteristics of Fibers / 10.11 

10.6. Optical and Mechanical Properties of Fibers / 10.12 

10.7. Optical Fiber Communications / 10.19 

10.8. Nonlinear Optical Properties of Fibers / 10.37 

10.9. Optical Fiber Materials: Chemistry and Fabrication / 10.42 

10.10. References / 10.46 

10.11. Further Reading / 10.49 



Chapter 1*1 . X-Ray Optics James E. Harvey 



11.1. Glossary / //./ 

11.2. Introduction / 11.2 

11.3. Historical Background / 11.3 

11.4. Optical Performance of X-Ray/EUV Imaging Systems / 11.6 

11.5. Diffraction Effects of Grazing Incidence X-Ray Optics / 11.8 

11.6. Ghost Images in Grazing Incidence X-Ray Telescopes / 11.14 

11.7. Scattering Effects from Optical Fabrication Errors / 11.16 



viii 



CONTENTS 



11.8. Image Quality Predictions for Various Applications / 11.25 

11.9. Summary and Conclusion / 11.29 

11.10. References / 11.30 



12.1 




13.1 



12.1. Glossary / 12.1 

12.2. Introduction / 12.2 

12.3. Theory of Acousto-Optic Interaction / 11.3 
12 A Acoustic-Optic Materials / 12.14 

12.5. Basic Acousto-Optic Devices / 12.16 

12.6. Applications / 12.34 

12.7. References / 12.49 

Chapte r 13. Electro-Optic Modulators Theresa A. Maldonado 

13.1. Glossary / 13.1 

13.2. Introduction / 13.3 

13.3. Crystal Optics and the Index Ellipsoid / 13.4 

13.4. The Electro-Optic Effect / 13.6 

13.5. Modulator Devices / 13.15 

13.6. Appendix: Euler Angles / 13.33 

13.7. References / 13.33 

14.1 

Chapte r U. Liquid Crystals Shin-Tson Wu . 

14.1. Glossary / 14.1 

14.2. Introduction / 14.2 



14 3 Physical Properties of Thermotropic Liquid Crysta s / 

14 4 Physical Mechanisms for Modulating Light / 14 10 

14.5. Electro-Optics of Nematic Liquid Crystals I 14. 12 

14.6. Electro-Optics of Polymer-Dispersed Liquid Crystals / 14.1/ 
14 7 Electro-Optics of Ferroelectric Liquid Crystals / 14.1V 



14.8. Conclusion / 14.23 

14.9. References / 14.24 



15 1 

Part 2. Optica! Instruments 

Chapter 15. Ca meras Norman Goldberg . 

15.1. Introduction / 15.3 

15.2. Background f 15.3 

15.3. Properties of the Final Image / 15.4 

15.4. Film Choice / 15.5 

15.5. Resolving Fine Detail / 15.5 

15.6. Film Sizes / 15.6 

15.7. Display / 15.6 

15.8. Distributing the Image / 15.7 

15.9. Video Cameras / 15.7 

15.10. Instant Pictures / 15.8 

15.11. Critical Features / 15.8 

15.12. Time Lag / 15.9 

15.13. Automation / 15.10 



CONTENTS ix 



15.14. Flash / 15.16 . _ 

1515 Flexibility through Features and Accessories / 15.17 

15.16. Advantage of Various Formats / /5.W 

15.17. Large Format: A Different World / 15.19 
15.18^ Special Cameras / 15.21 

15.19. Further Reading / 15.28 



Chapter 16. Camera Lenses Ellis Betensky, M. Kreitzer, and J. Moskovich 



16.1 



16.1. Introduction / 16.1 

16.2. Imposed Design Limitations / 10. 1 

16.3. Modern Lens Types / 16.2 

16.4. Classification System / 16.20 

16.5. Lens Performance Data / 16.25 

16.6. Acknowledgments / 16.26 

16.7. References / 16.26 



Chapter 17. Microscopes Shinya Inoue and Rudolf Oldenboug 

17.1. Glossary / 17.1 

17.2. Introduction / 17.1 

17.3. General Optical Considerations / 17.4 
\1A. Microscope Lenses, Aberrations / 17.12 

17.5. Contrast Generation I 17.22 

17.6. Illumination and Imaging Modes / 17.37 , }7 47 

17.7. Optical Manipulation of Specimen with the Light Microscope / 17.47 

17.8. Mechanical Standards / 17.48 

17.9. Acknowledgments / 17.49 

17.10. References / 17.49 



17.1 



Chapter 18. Reflective and Catadioptric Objectives Lloyd Jones 



18.1 



18.1. Glossary / 18.1 

18.2. Introduction / 18.1 

18.3. Glass Varieiies / 18.2 . 

18.4. Introduction to Catadioptric and Reflective Objectives / 18.2 

18.5. Field-of-View Plots / 18.38 

18.6. Definitions / 18.40 

18.7. References / 18.42 



Chapter 19. Scanners Leo Beiser and R. Barry Johnson 



19.1. Glossary / 19.1 

19.2. Introduction / 19.2 

19.3. Scanned Resolution / 19.7 

19.4. Scanners for Remote Sensing / 19.15 

19.5. Scanning for Input/Output Imaging / 19. 

19.6. Scanner Devices and Techniques / 19.34 

19.7. Scan-Error Reduction / 19.51 

19.8. References / 19.54 

19.9. Further Reading / 19.56 



Chapter 20. Optical Spectrometers Brian Henderson 



20.1 



20.1. Glossary / 20.1 

20.2. Introduction / 20.2 

203. Optical Absorption Spectrometers / 20.2 

20.4. Luminescence Spectrometers / 20.5 

20.5. Photoluminescence Decay Time / 20.12 

20.6. Polarization Spectrometers / 20.15 

20.7. High-Resolution Techniques / 20.23 

20.8. Light Scattering / 2030 

20.9. References / 20.32 



Chapter 21. Interferometers P. Hariharan 21.1 

21.1. Glossary / 21.1 

21.2. Introduction / 21.1 

213. Basic Types of Interferometers / 21.2 

21.4. Three-Beam and Double-Passed Two-Beam Interferometers / 21.7 

21.5. Fringe-Counting Interferometers / 21.10 

21.6. Two- Wavelength Interferometry / 21.11 

21.7. Frequency-Modulation Interferometers / 21.11 

21.8. Heterodyne Interferometers / 21.12 

21.9. Phase-Shifting Interferometers / 21.13 

21.10. Phase-Locked Interferometers / 21.14 

21.11. Laser-Doppler Interferometers / 21.15 

21.12. Laser-Feedback Interferometers / 21.16 

21.13. Fiber Interferometers / 21.17 

21.14. Interferometric Wave Meters / 21.19 

21.15. Second-Harmonic and Phase-Conjugate Interferometers / 21.21 

21.16. Stellar Interferometers / 21.22 

21.17. Michelson's Stellar Interferometers / 21.22 

21.18. Gravitational-Wave Interferometers / 21.23 

21.19. References / 21.25 



Chapter 22. Polarimetry Russell A. Chip man 22.1 



22.1. Glossary / 22.1 

22.2. Objectives / 22.3 

22.3. Polarimeters / 22.3 

22.4. Light-Measuring and Sampling-Measuring Polarimeters / 22.3 

22.5. Sample-Measuring Polarimeters / 22.4 

22.6. Complete and Incomplete Polarimeters / 22.4 
22.1. Polarization Generators and Analyzers / 22.4 

22.8. Classes of Light-Measuring Polarimeters / 22.5 

22.9. Time-Sequential Measurements / 22.5 

22.10. Polarization Modulation / 22.5 

22.11. Division of Aperture / 22.5 

22.12. Division of Amplitude / 22.6 

22.13. Definitions / 22.6 

22.14. Stokes Vectors and Mueller Matrices / 22.8 

22.15. Phenomenological Definition of the Stokes Vector / 22.8 

22.16. Polarization Properties of Light Beams / 22.9 

22.17. Mueller Matrices / 22.10 

22.18. Coordinate System for the Mueller Matrix / 22.12 

22.19. Elliptical and Circular Polarizers and Analyzers / 22.13 

22.20. Light-Measuring Polarimeters / 22. 14 



CONTENTS Xi 



22.21. Sample-Measuring Polarimeters for Measuring Mueller Matrix Elements / 22.16 

22.22. Polarimetric Measurement Equation and Polarimetric Data Reducation Equation / 22 J 7 

22.23. Dual Rotating Retarder Polarimeter / 22.19 

22.24. Incomplete Sample-Measuring Polarimeter / 22.20 

22.25. Dual Rotating Polarizer Polarimeter / 22.20 

22.26. Nonideal Polarization Elements / 22:22 

22.27. Polarization Properties of Polarization Elements / 22.23 

22.28. Common Defects of Polarization Elements / 22.23 

22.29. The Muller Matrix for Polarization Component Characterization / 22.25 

22.30. Application of Polarimetry / 22.26 

22.31. Interpretation of Mueller Matrices / 22.28 

22.32. Diattenuation and Polarization Sensitivity / 22.28 

22.33. Polarizance / 22.29 

22.34. Physically Realizable Mueller Matrices / 22.30 

22.35. Depolarization / 22.30 

22.36. Nondepolarizing Mueller Matrices and Jones Matrices / 22.31 

22.37. Homogeneous and Inhomogeneous Polarization Elements / 22.32 

22.38. References / 22.33 



Chapter 23. Holography and Holographic Ins truments Lloyd Huff 23.1 

23.1. Glossary / 23.1 

232. Introduction / 23.2 

23.3. Background and Basic Principles / 23.2 

23 A. Holographic Interferometry / 23.5 

23.5. Holographic Optical Elements / 23.12 

23.6. Holographic Inspection / 23.17 

23.7. Holographic Lithography / 23.16 

23.8. Holographic Memory / 23.25 

23.9. Conclusion / 23.26 

23.10. References / 23.26 



Part 3. Optical Measurements 24.1 

Chapter 24. Radiometry and P hotometry Edward F. Zafewski 24.3 

24.1. Glossary / 24.3 

24.2. Introduction / 24.6 

24.3. Radiometric Definitions and Basic Concepts / 24.8 

24.4. Radiant Transfer Approximations / 24.15 

24.5. Absolute Measurements / 24.12 

24.6. Photometry / 24.40 

24.7. References / 24.48 



Chapter 25. The Measurement of Transmission, Absorption, Emission, and 
Reflection James M. Palmer 



25.1. Glossary / 25.1 

25.2. Introduction and Terminology / 25.2 

25.3. Transmittance / 25.3 
ISA. Absorption / 25.4 

25.5. Reflectance / 25.4 

25.6. Emittance / 25.7 



xii CONTENTS 



25.7. KirchhoflTs Law / 25.8 

25.8. Relationship Between Transmittance, Reflectance, and Absorption / 25.8 

25.9. Measurement of Transmittance / 25.8 

25.10. Measurement of Absorption / 25. J 1 

25.11. Measurement of Reflectance / 25.11 

25.12. Measurement of Emittance / 25.16 

25.13. References / 25.18 

25.14. Further Reading / 25.25 



Chapter 26. Scatterometers John C. Stover 26.1 



26.1. Glossary / 26.1 

26.2. Introduction / 26.1 

263. Definitions and Specifications / 26.2 

26.4. Instrument Configurations and Component Descriptions / 26.5 

26.5. Instrumentation Issues / 26.9 

26.6. Measurement Issues / 26.11 

26.7. Incident Power Measurement, System Calibration, and Error Analysis / 26.13 

26.8. Summary / 26.14 

26.9. References / 26.15 



Chapter 27. Etlipsometry Rasheed M. A. Azzam 27.1 



27.1. Glossary / 27.1 

27.2. Introduction / 27.2 

27.3. Conventions / 27.3 

21 A. Modeling and Inversion / 27.4 

21.5. Transmission Ellipsometry / 27.10 

27.6. Instrumentation / 27.10 

27.7. Jones-Matrix Generalized Ellipsometry / 27.19 

27.8. Mueller-Matrix Generalized Ellipsometry / 27.20 

27.9. Applications / 27.22 

27.10. References / 27.22 



Chapter 28. Spectroscopic Measurements Brian Henderson 25.1 



28.1. Glossary / 28.1 

28.2. Introductory Comments / 28.2 

28.3. Optical Absorption Measurements of Energy Levels / 28.2 

28.4. The Homogeneous Lineshape of Spectra / 28.14 

28.5. Absorption, Photoluminescence, and Radiactive Decay Measurements / 28.20 

28.6. References / 28.26 



Chapter 29. Optical Metrology Daniel Malacara and Zacarias Malacara 29.1 



29.1. Glossary / 29.1 

29.2. Introduction and Definitions / 29.1 

29.3. Lengths and Straightness Measurements / 29.3 

29.4. Angle Measurements / 29.12 

29.5. Curvature and Focal Length Measurements / 29.20 

29.6. Velocity Measurements / 29.27 

29.7. References / 29.29 



CONTENTS xiii 



Chapter 30. Optical Testing Daniel Malacara 301 

30.1. Glossary / 30.1 

30.2. Introduction / 30.1 

30.3. Classical Noninterferometric Tests / 30.1 

30.4. — Interferometric Tests / 30.6 

30.5. Increasing and Sensitivity of Interferometers / 30.8 

30.6. Interferogram Evaluation / 30.12 

30.7. Phase-Shifting Interferometry / 30.16 

30.8. Measuring Aspherical Wavefronts / 30.22 

30.9. References / 30.25 



Chapter 31. Use of Computer-Generated Holograms in Optical 

Testing Katherine Creath and Ja mes C. Wyant 31.1 

31.1. Glossary / 3 LI 

31.2. Introduction / 31.2 

31.3. Types of CGHs / 31.2 

31.4. Plotting CGHs / 31.3 

31.5. Interferometers Using Computer-Generated Holograms / 31.6 
3L6. Acuracy Limitations / 31.7 

31.7. Experimental Results / 31.8 

31.8. References / 31.10 



Chapter 32. Tra nsfer Function Techniques Glenn D. Boreman 32^ 

32.1. Glossary / 32.1 

32.2. Introduction / 32.1 

32.3. Definitions / 32.2 

32 A. MTF Calculations / 32.4 

32.5. MTF Measurements / 32.7 

32.6. References / 32.9 



Part 4. Optical and Physical Properties of Materials 33.1 
Chapter 33. Properties of Crystals and Glasses William J. Tropf, 

Michael Thomas, and Terry J. Harris 33£ 

33.1. Glossary / 33.3 

33.2. Introduction / 33.5 

33.3. Optical Materials / 33.6 

33.4. Properties of Materials I 33.7 

33.5. Properties Tables / 33.38 

33.6. References / 33.84 



Chapter 34. P olymetric Optics John D. Lytle 34^1 

34.1. Glossary / 34.1 

34.2. Introduction / 34.1 

34.3. Forms / 34.2 

34.4. Physical Properties / 34.2 



CONTENTS 



34.5. Optical Properties / 34.6 

34.6. Optical Design / 34.8 

34.7. Processing / 34 J 2 

34.8. Coatings / 34.19 

34.9. References / 34.20 



Chapter 35. Prope rties of Metais Roger A. Paquin 3^1 

35.1. Glossary / 35.1 

35.2. Introduction / 35.3 

35.3. Summary Data / 35.12 

35.4. References / 35.74 



Chapter 36. Optical Properties of Semiconductors Paul M. Amirtharaj and 

David G. Seller __ 36J 

36.1. Glossary / 36.1 

36.2. Introduction / 363 

36.3. Optical Properties / 36.8 

36.4. Measurement Techniques / 36.59 

36.5. Acknowledgments / 36.82 

36.6. Summary and Conclusions / 36.82 

36.7. References / 36.92 



Chapter 37. Black Surfaces for Optical Systems Stephen M. Pompea and 
Robert P. Breault 



37.1. Introduction / 37.1 

Til. 2. Selection Process for Black Baffle Surfaces in Optical Systems / 37.12 

37.3. The Creation of Black Surfaces for Specific Applications / 37.15 

37.4. Environmental Degradation of Black Surfaces / 37.18 

37.5. Optical Characterization of Black Surfaces / 37.21 

37.6. Surfaces for Ultraviolet and Far-Infrared Applications / 37.23 

37.7. Survey of Surfaces with Optical Data / 37.29 

37.8. Paints / 37.30 

37.9. Conclusions / 37.63 

37.10. Acknowledgments / 37.63 

37.11. References / 37.63 



Part 5. Nonlinear and Photorefractive Optics 38.1 



Chapter 38. Nonlinear Optics Chung L Tang 

38.1. Glossary / 38.3 

38.2. Introduction / 38.4 

38.3. Basic Concepts / 38.6 

38.4. Material Considerations / 38.20 

38.5. Appendix / 38.23 

38.6. References / 38.25 



CONTENTS XV 



Chapter 39. Photorefractive Materials and Devices Mark Cronin-Golomb and 
Marvin Klein 

39.1. Introduction / 39.1 

39.2. Materials / 39.11 
393. Devices / 39.25 

39.4. References / 39.35 

39.5. Further Reading / 39.42 



Index follows Chapter 39 1.1 



PROPERTIES OF METALS 35.3 



mass density (kg/m 3 ) 
conductivity (S/m) 
radian frequency (s" 1 ) 



35.2 INTRODUCTION 



a M nd?3) ssbls r a p szr rt in threefo ™ : (i > — , (2) mirrors 

structural materials used in nSSl5£3^! re M g,,Wn meta ' mirr ° r ^^strT a d 
included due to their limited applicTE E M™* 0,hermateria 's have not been 
context of thick films (claddings) ra her h» P ro P ert '« are discussed in the 

42, Optical and Physical Propfr iS of V£ th ' n fi ' mS that are cove ^ in Chap 

structural elements, the S %555faTL?2?*S ^ L Si " Ce mi ™ 
propert.es ,to the des.gner of an optical sS ^Lf^ ^ ' mp0rtam aS the °P^1 
include physical, mechanical, and therma o™™ ^ 2? P ro P er ^s addressed here 
Mechanical and thermal properties of ™. adduion l ° optical properties 

Pro "? th fc optical p^it;£ , i , ^ ,,rti * < sic > «i»dS: 

Properties of Semiconductors," Vol II Chap 36 amde entitled "Optical 



Nomenclature 



between categories of optical physical h?! duplications in the usaee of svmbols 



Optical Properti 



les 



properties of solids.** P cons,de red in many texts dealing widi optical 

~^^™£^ u ™z£::%'"? - ^ , Ws 




OPTICAL AND PHYSICAL PROPERTIES OF MATERIALS 

transferred to the lattice by collisions in the form of heat. The optical properties of metals 
are normally characterized by the two optical constants: index of refraction n and 
extinction coefficient k that make up the complex refractive index N where: 



N = n + ik 



(1) 



The refractive index is defined as the ratio of phase velocity of light in vacuum to the 
phase velocity of light in the medium. The extinction coefficient is related to the 
exponential decay of the wave as it passes through the medium. Note, however, that these 
"constants" vary with wavelength and temperature. The expression for an electromagnetic 
wave in an absorbing medium contains both of these parameters: 



(2) 



where E 0 is the amplitude of the wave measured at the point x = 0 in the medium, E is the 
instantaneous value of the electric vector measured at a distance x from the first point and 
at some time t, o> is the angular frequency of the source, and A 0 is the wavelength in 
vacuum. 

The absorption coefficient a is related to the extinction coefficient by: 

a=4k/\ 0 (3)| 

and for the general case, the absorption coefficient also appears in the absorption equation: 

I = I Q e~ ax (4)| 

However, this equation implies that the intensities / and 1 0 are measured within the : ; 
absorbing medium. The complex dielectric constant e for such a material is: 



e = e, + if 2 (5) j 

where the dielectric constants are related to the optical constants by: 

e x =n 2 -k 2 
£ 2 = Ink 

Two additional materials properties that influence the light-material interaction 
magnetic susceptibility /x and conductivity a that are further discussed later. 

The equations describing the reflection phenomena, including polarization effectsj 
metals, will not be presented here but are explained in detail elsewhere. 5 " 8 ' 1 0-11 
brief description of Lorentz and Drude theories and their implications for metals, J 
particularly for absorption, the relationship among reflection, transmission, and at 
tion is discussed. 9 

The classical theory of absorption in dielectrics is due to H. A. Lorentz 12 and in 1 
to P. K. L. Drude. 13 Both models treat the optically active electrons in a mate 
classical oscillators. In the Lorentz model, the electron is considered to be bound 
nucleus by a harmonic restoring force. In this manner, Lorentz's picture is that 
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FIGURE 1 Frequency dependences of E ,„ an d 



P^l^ 0 ^^ 5^*3- - be free and se t the Coring 

fief a!" SSS& ^VtTiaS wri^" - «* 
induced in the medium and from Uw todSJ K ? ex P ress,on for polarization 
for dielectrics gives the relative realana unSary JSSSS?^ ^ U>rent2 m ° del 
£ 2 * in terms of the number of diodes neTEL 1 ^ J dielectric constant e iR and 
mass; r, the damping constant TaS £ ^1 5^/ and *e electron charge and 
harmonically bound e 8 lecC an ^^^JF^ ^ field and the 
shown in Fig. 1. The range of freouenc es 2tZ£ V 6 Space - fu n«ions are 

as the range of normal *£S^£^^^ £ ■ referred to 

frequency b called the r fl „ge of anomalous a^Son " " "° Where 11 decreases 
freq^ci'i? W» ^ability at optic, 

using the Lorentz model for dielectrics The *toS? ^tV*™"* ° p,kal Sorption 
electrons are free to move. This mean thaii : i£E£i,T k °t mCtalS asSUmes that ,he 
«. is set equal to zero. The n^Sl^^Si^J^T model exce P< *»« 
given by imaginary parts of the dielectric constant are then 



£ >k - 1 ~ (Ne z e 0 m) — - 

£2„ = (Ne 2 e 0 m) - , F - 
a>(a> 2 + r 2 ) 



(8) 



(9) 

f^So^^^^s^^^ e . ,ectron colHsions with Ia «- 

frequency ., an JSlJ^ ^ i 2 E ha ™S radian 

conductivity «r is then obtained and the |L S of h . A " ex P ressi on for the 

electromagnetic field frequencie ?ha Le iZ h £n £ SS™ C °K nS,am Can be restated " Al 
follows that: low ' 11 can be show n that c 2 » e , and therefore it 

a = ((u/ia/l)" 2 

H o*« word, ,h= opuc, _ lhe „, , ^ ^ ^ 
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through the fact that each is determined by the motion of free electrons. At high 
frequencies, transitions involving bound or valence band electrons are possible and there 
will be a noticeable deviation from this simple result of the Drude model. However, the 
experimental data reported for most metals are in good agreement with the Drude 
prediction at wavelengths as short as 1 jim. 

From Eq. (10) it is clear that a field propagating in a metal will be attenuated by a 
factor of Me when it has traveled a distance: 

5 = (2/oimo-)" 2 (») 

This quantity is called the skin depth, and at optical frequencies for most metals it is 
-50 nm. After a light beam has propagated one skin depth into a metal, its intensity is 
reduced to 0.135 of its value at the surface. . 

Another aspect of the absorption of light energy by metals that should be noted is the 
fact that it increases with temperature. This is important because during laser irradiation 
the temperature of a metal will increase and so will the absorption. The coupling of energy 
into the metal is therefore dependent on the temperature dependence of the absorption. 
For most metals, all the light that gets into the metal is absorbed. If the Fresnel expression 
for the electric field reflectance is applied to the real and imaginary parts of the complex 
index for a metal-air interface, the field reflectivity can be obtained. When multiplied by 
its complex conjugate, the expression for the intensity reflection coefficient is obtained: 

R, = \- 2/x£ 0 W<r ( 12 ) 

Since the conductivity a decreases with increasing temperature, K, decreases with 
increasing temperature, and at higher temperatures more of the incident energy is 

reflection methods are used in determining the optical constants, they are 
strongly dependent on the characteristics of the metallic surface. These characteristics vary 
considerably with chemical and mechanical treatment, and these treatments have not 
always been accurately defined. Not all measurements have been made on freshly polished 
surfaces but in many cases on freshly deposited thin films. The best available data are 
presented in the tables and figures, and the reader is advised to consult the appropriate 
references for specifics. s „_| 1M i; n _ 

In this article, an ending of -ance denotes a property of a specific sample (i.e., including 
effects of surface finish), while the ending -/wry refers to an intrinsic material property, for 
most of the discussion, the endings are interchangeable. inr iH e nt 

Reflectance r is the ratio of radiant flux reflected from a surface to the total incident., 
radiant flux. Since r is a function of the optical constants, it varies with wavelength ana 
temperature. The relationship between reflectance and optical constants is. 

, Jn-lY + k* (l3 )' 
(n + lf + k 2 

The reflectance of a good, freshly deposited mirror coating is almost always higherth" 
that of a polished or electroplated surface of the same material. The reflectance is normal 
less than unity— some transmission and absorption, no matter how small, are aiw»j 
present. The relationship between these three properties is: ; 

r+f+a=l $ 

Transmittance t is the ratio of radiant flux transmitted through 
incident radiant flux and absorptance a is the ratio of the radiant flux lost by ateorptton 
the total incident radiant flux. Since / and a are functions of the optical constants, 
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surface condition as we.! afihe ttt^" " by 

^an^lc^ - «S* ^-matter inaction 
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the interaction. However, the thermal radiaLe nro?.^ . StUdy, " g Vanous as P ects of 
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For opaque materials, the transmission is near zero, so Eq. (14) becomes: 

r + 0 = l (15) 
but since Kirchhors ,aw states that absorptance equals emittance, this becomes: 



r + € = 1 

(16) 



««e^ ^cribed by either the 

a surface to the emissive power of a blackboS « fh ed em,tted P° Wer (in W/m2 ) of 
therefore be expressed as eitLr specto^ll*' ^ ' em P eratu «- Omittance can 
constant temperature) or total [the inte J*Z . 3S 3 funCt,0n of ^length a. 
function of temperature) ( 'ntegrated emittance over all wavelengths as a 
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*; and specific heat C p . All o these Droned Z ., °" 35 CTE; thermal conductivity 
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